Summary: Nitric oxide (NO)-dependent regulation of brain blood flow has not been proven to exist in fish or other ectothermic vertebrates. Using epi-illumination mi croscopy on the brain surface (optic lobes) of crucian carp (Carassius carassius), we show that superfusing the brain with acetylcholine (ACh) induces an increase in ce rebral blood flow velocity that can be completely blocked by the NO synthase inhibitors NG-nitro-L-arginine meth ylester (L-NAME) and NG-nitro-L-arginine. Also, sodium nitroprusside, which decomposes to liberate NO, causes an increase in cerebral blood flow velocity. By contrast,
In the mammalian brain, acetylcholine (ACh) causes vasodilation of cerebral arteries, both when it is administered exogenously and when it is re leased from parasympathetic fibers innervating ce rebral arteries and arterioles (Morita-Tsuzuki et aI., 1993) . The vasodilatory action of ACh is mediated by an endothelium-derived relaxing factor (EDRF), which is now generally accepted to be identical with nitric oxide (NO) or a closely related molecule (re viewed by Faraci, 1993) . Nevertheless, a role for NO in stimulating tissue blood flow by vasodilation in ectothermic vertebrates has not been demon strated. In fact, after having failed to find NO dependent mechanisms in trout vasoregulation, Ol son and Villa (1991) suggested that EDRF-like va sodilator mechanisms are not present in trout vessels.
L-NAME does not block the increase in blood flow ve locity caused by anoxia. The results suggest that NO is an endogenous vasqdilator in crucian carp brain that medi ates the effects of ACh. Because teleost fish deviated from other vertebrates 400 million years ago, these results suggest that NO-dependent brain blood flow regulation was an early event in vertebrate evolution. Key Words:
Adenosine-Aminophylline-Anoxia-Carassius caras sius-Hypoxia-Endothelium-derived relaxing factor NG-Nitro-L-arginine methylester-Sodium nitroprusside.
Endogenous NO is synthesized from L-arginine by NO synthase (NOS). The search for NO mediated mechanisms in a variety of tissues has been greatly facilitated by the recent development of potent inhibitors of NOS, such as N G -nitro-L arginine (L-NA) and N G -nitro-L-arginine methyl ester (L-NAME) (Miilsch and Busse, 1990; Ishii et aI., 1990; Prado et aI., 1992) .
The occurrence of nicotinic and muscarinic re ceptors as well as cholinergic neurons has been demonstrated in teleost fish brain (Francis et aI., 1980; Henley and Oswald, 1988; Zottoli et aI., 1988) . However, it has been questioned if any cholinergic innervation of the systemic vasculature is present in teleost fishes (Nilsson, 1983) . More over, very little is known about the role of the en dothelium in fish vasoregulation (Nilsson and Holmgren, 1992) . ACh-mediated vasodilation has only rarely been observed in fish, and the same is true for endothelium-dependent relaxation of fish vessels (Olson and Villa, 1991) . Thus, there have been no studies showing the occurrence of NO dependent vasoregulatory mechanisms in fish. However, fish brain blood flow has not been stud ied in this respect. Therefore, when we recently observed that ACh stimulates increased cerebral blood flow velocity in crucian carp, we decided to use L-NAME to test if this effect could be NO de pendent. Interestingly, the first histologic evidence for the occurrence of NOS in fish tissues was re cently obtained in two studies on nerve cells in carp and salmon retina (Weiler and Kewitz, 1993; 6 s tholm et aI., 1994) .
Moreover, cerebral blood flow regulation in cru cian carp is of particular interest because this is one of a few vertebrates that tolerate prolonged an oxia, having the ability to survive anoxia for days at room temperature and several months at tempera ture close to WC (Piironen and Holopainen, 1986) . A similar degree of anoxia tolerance is shown only by certain freshwater turtles . Because the high-energy demand of the brain has to be met by increased glucose delivery by the blood during anoxia, exceptional strain may be put on the ability of anoxia-tolerant vertebrates to reg ulate their cerebral blood flow. Previous studies have shown a doubling of the cerebral blood flow velocity in crucian carp and turtles exposed to an oxia, and that adenosine appears to be involved in the regulation of cerebral blood flow in these spe cies during anoxia (Hylland et aI. , 1994; Nilsson et aI. , 1994) .
It is not known if other mechanisms may also be involved in brain blood flow regulation in anoxic crucian carp. NO is of special interest here because it may (Kozniewska et aI., 1992) , or may not (Pel ligrino et aI. , 1993) , mediate increased cerebral blood flow in hypoxic mammals. Moreover, NO is produced in the ischemic mammalian brain (Kader et aI., 1993; Tominaga et aI. , 1993) , and there is an apparent controversy as to NO's role in ischemic brain damage; some authors suggest it is primarily detrimental (Buisson et aI. , 1993; Cazevieille et aI., 1993; Maiese et aI., 1993; Nagafuji et aI. , 1992; Nowicki et aI., 1991) while others have indicated a protective role for NO in cerebral ischemia (Ya mamoto et aI., 1992; Zhang and Iadecola, 1993) .
Thus, the aim of the present study was to find out if ACh stimulates cerebral blood flow in crucian carp brain by a NO-dependent mechanism, and if the increase in blood flow velocity seen during an oxia is partly mediated by NO production.
METHODS
Thirty crucian carp weighing 40--50 g were used. They were caught in a pond near Uppsala, Sweden, in August, and kept indoors in tanks continuously supplied with aer ated Uppsala tap water (9-100C). The fish were fed daily with commercial trout food (Ewos, Sweden). The artifi cial light automatically followed Hamburg's latitude and longitude. The experiments were carried out from Octo ber to January.
A Leitz Ortholux microscope with a Leitz Ultropak epi-illuminator and a water immersion objective (11 x) was used to measure blood flow velocity (erythrocyte velocity) in venules on the surface of the left optic lobe as described by Nilsson et al. (1994) . In short, the fish were anesthetized with a ductus cavieri injection of Saffan (9 mg alphaxalone + 3 mg alphadolonelml, from Pitman Moore, U.K.) at a dose of 3 ILlig, whereupon they were placed in a rectangular polyvinyl chloride box on the stage of the microscope, and ventilated with aerated tap water (500 mllmin, lOOC) flowing through a tube inserted in the mouth. A 8 x 8 mm hole was made in the skull above the brain, and 1 x 1 mm of the meninx above the left optic lobe was carefully removed. The surface of the optic lobe was continuously superfused (200 ILlimin) with an unbuffered Ringer solution (146 mM NaCI, 3 mM KCI, 1.3 mM CaCI2, and 1 mM MgS04, pH 7.4, lOOC).
A video camera (Panasonic WV-BL200) was attached to the. microscope. This setup gave 320x magnification on a 14" video screen, and single erythrocytes were readily observed. Using a stopwatch, the time for single eryth rocytes to travel a chosen length (125-812 ILm) of a blood vessel was recorded. Before each experiment, four ve nules that were all in focus simultaneously in a length that allowed observation of the same erythrocytes for � 1.5 s at basal flow conditions were chosen (if more than four venules fulfilled this criterion they were chosen ran domly). At each point of time, the velocity in each vessel was clocked five times to obtain an average, hence min imizing the effect of short-term variation and clocking error. Blood flow velocities (ILm/s) were normalized to per centage values for each venule. The average velocity ob served in each individual during the initial control period was set to 100%. Changes were evaluated using one sam ple ttest (two-tailed; null hypothesis = 100%). Values are given as means ± SD (n = 5).
RESULTS
When the brain surface was superfused with 10 /-lM of ACh during normoxia, the blood flow veloc ity reached 137 ± 10% (p < 0.04) (Fig. lA) . Al though superfusing the brain with 10 /-lM of L-NAME per se had no significant effect on the blood flow velocity, it completely abolished the ef fect of 10 /-lM ACh during normoxia (Fig, lA) .
It was recently reported that the methyl ester moiety of L-NAME can bind to and block musca rinic receptors (Buxton et aI., 1993) . However, in contrast to the effect of L-NAME on NOS, the muscarinic effect of L-NAME could not be re versed by a high concentration of L-arginine. In or der to confirm that the effect presently seen with L-NAME was caused by NOS inhibition, we tested if L-NAME's ability to block the stimulatory effect of ACh on blood flow velocity could be reversed by 1 mM L-arginine (Fig. lB) . Moreover, in the same set of experiments, we tested if the L-NAME effect could be mimicked by 100 j..L M L-NA, a NOS inhib itor that does not block muscarinic receptors but is less potent than L-NAME in vivo, probably due to a lower ability to pass biologic membranes (Rees et aI., 1990) . In both cases, the results suggested a specific blockade of NOS. Thus, with regard to the ACh-induced elevation of blood flow velocity, the blocking effect of L-NAME was completely re versed by 1 mM L-arginine (flow velocity reaching 147 ± 14% of basal value; p < 0.002), and L-NA superfusion appeared to have the same inhibitory effect as L-NAME. As with L-NAME, L-NA per se did not affect basal blood flow velocity. During the final ACh control period in this experiment, the blood flow reached 147 ± 10% of basal value (p < 0.001). Superfusing the brain with 5 j..L M of sodium nitro prusside (SNP) caused the blood flow velocity to increase to 160 ± 9% (p < 0.001), and L-NAME did not block this effect (Fig. lC) . Thus, as expected, because NO is liberated directly from SNP (Bates et aI., 1991) , the effect of SNP was independent of NOS activity.
When exposed to anoxia, the blood flow velocity rose to 226 ± 37% (p < 0.01), an effect that could not be blocked by L-NAME ( Fig. 2A) . ACh (10 j..L M) induced no further increase in blood flow ve locity when administered during anoxia (Fig. 2B) . The same figure also shows that 2.5 mM of ami� nophylline (an adenosine receptor blocker) had no effect on the increase in blood flow velocity induced by 10 j..L M of ACh (this time reaching 150 ± 22%; p < 0.03), suggesting that the increased flow velocity seen during ACh superfusion was not dependent on adenosine release. Under identical conditions, am inophylline superfusion had previously been found to block the effects of both anoxia and adenosine on cerebral blood flow velocity in crucian carp (Nils son et al., 1994) .
No changes in the diameter of the venules studied were observed in response to the treatments. How ever, the increased flow velocities measured may be underestimates of the actual increases in whole tis sue flow because additional venules may open up and the luminal cross-section area may increase when the flow increases. As in the previous study , no arteries or arterioles were seen on the dorsal surface of the optic lobes. Thus, arterial vasodilation could not be studied.
DISCUSSION
The ability of the NOS inhibitors L-NAME and L-NA to block the increase in cerebral blood flow velocity caused by ACh superfusion clearly sug gests that this ACh effect is mediated by NO pro duction. To our knowledge these results provide the first conclusive indications of a vasoregulatory role for NO in fish tissue. However, although the arterial endothelium is one likely site of action for this effect, involvement of NO-producing neurons or glial cells can of course not be excluded. Because ACh is a neurotransmitter in fish brain, it is possible that ACh superfusion produces NO release by caus ing neuronal activation and an increase in brain metabolic rate. A NO-dependent coupling between brain metabolism and blood flow has been demon strated in mammals (Dirnagl et aI., 1993) . Also adenosine functions as a coupler of brain blood flow to metabolic rate in mammals (Morii et a!., 1987) , but the present results showed that the adenosine receptor blocker aminophylline was without effect on the ACh-induced increase in blood flow velocity.
Interestingly, L-NAME and L-NA per se did not cause lowered basal blood flow velocity, suggesting that the basal NO tonus is very low or absent in crucian carp cerebrovasculature during the present experimental conditions. In mammals, NOS inhib itors often produce a lowering of basal cerebral blood flow (Fernandez et aI., 1993; Macrae et aI., 1993) , indicating a NO tonus, although the absence of an effect of NOS inhibitors per se has also been reported in cerebral blood flow studies on mammals (Faraci and Heistad, 1992) .
The blocking effect of L-NAME on the ACh induced increase in blood flow velocity was revers ible, as it gradually decreased over a period of �40 min after its removal (Fig. lA) . L-NAME is a com petitive reversible inhibitor of NOS, although an excess of L-arginine appears to be needed to re move L-NAME from NOS in mammals (Rees et a!., 1990) . Thus, it is possible that L-NAME more readily dissociates from NOS in fish than in mam mals.
In the light of the results obtained with L-NAME, it appears likely that the increase in blood flow ve· locity seen during superfusion with SNP was caused by the liberation of NO, SNP being well known to decompose to form NO in tissues (Bates et aI., 1991) . Two previous studies on trout coro nary arteries have shown a vasodilatory effect of SNP, ). However, the same studies showed that ACh caused contraction rather than relaxation in this system. Moreover, SNP also decomposes in tissues to form cyanide (Bates et aI., 1991) , which, by caus ing hypoxia, could indirectly stimulate increased blood flow. Thus experiments with SNP are not in themselves sufficient evidence for involvement of NO. In fish, it is possible that NO-dependent blood flow-stimulating effects of ACh are mainly re stricted to cerebral blood flow. In trout, Olson and Villa (1991) could not find any vasodilatory effect of ACh in a perfused trunk preparation or in isolated vascular rings from arteries and veins.
Although the anoxia-induced increase in cerebral blood flow velocity can be fully blocked by the adenosine receptor blocker aminophylline (Nilsson et aI., 1994) , blocking NOS with L-NAME during anoxia had no effect on the cerebral blood flow ve locity. Thus, NO is apparently not a mediator of the increase in cerebral blood flow velocity displayed by crucian carp during anoxia. It is interesting to find that such a well-adapted facultative anaerobe as the crucian carp apparently avoids use of NO as an endogenous vasodilator during anoxia. Also in mammals adenosine is known to mediate an in crease in cerebral blood flow in response to moderate hypoxia (Morii et aI., 1987) , although such a role for nitric oxide was recently questioned (Pelligrino et aI., 1993) . It should be mentioned that pH, which is known to be a potent vasoregulator in mammals (Lassen, 1968) , is less likely to be of regulatory im portance in crucian carp during anoxia because this species maintains a steady plasma pH of �7.4-7.5 for "",24 h in anoxia, probably because ethanol, and not lactate, is the main end product of anaerobic glycolysis in this species (Van Waarde, 1991) .
Cerebral blood flow velocity is determined by two factors: cerebral vasodilation and blood pres sure. Unfortunately, due to the small size of the fish, the cannulation necessary for blood pressure recording could not be done. Still, an effect on the cerebral vasculature is the most likely mechanism underlying the increased brain blood flow velocities observed after ACh superfusion. First, ACh was superfused over the brain and the rapid breakdown of ACh by esterases in blood makes a systemic ef fect less likely. Secondly, ACh has in fish, as in other vertebrates, an inhibitory effect on heart rate, being the transmitter responsible for the vagal tone (Taylor et al., 1992) . Thirdly, as mentioned above, ACh is well known to cause cerebral vasodilation in other vertebrates, viz., mammals.
